Modeling deformation and fracture of bioactive coating on Ti-based material is performed using movable cellular automaton (MCA) method. MCA is a new efficient numerical method in particle mechanics, which assumes that any material is composed of a certain amount of elementary objects interacting among each other according to many-particle forces. The mechanical properties of the model coating correspond to multifunctional bioactive nanostructured film (TiCCaPON) and the properties of the substrate correspond to nanostructured titanium. First, MCA method is applied to modeling nanoindentation of the coating. Indentations of diamond Berkovich tip for different depth of penetration are studied. The second testing technique which is considered for simulation using MCA method is a scratch test, in which an indenter moves across the surface after penetration. The third technique is an impact loading test. This test assumes periodic penetration of spherical counter-body into a coating with velocity about 10 m/s which leads to fracture of the coating. The calculation results are compared with available experimental data.
Introduction
An effective method for enhancing the functional properties of materials is the application of special coatings to their surface. Thus due to the multicomponent nanostructured coatings based on refractory TiC and (Ti,Ta)(C,N) compounds, which contain special additions, i.e. Ca, Zr, Si, O and P, the quality of implants is upgraded and the tribological and bioactive properties of the implant surface are enhanced significantly Shtansky et al. (2004) ; Levashov et al. (2011) . It should be noted that such coatings are in a nanosructured state; besides, they have small thickness. To date the investigations of mechanical properties of such coatings and films is generally performed by the nanoindentation method and scratch test Oliver and Pharr (1992) ; Shugurov et al. (2008) . Nanoindentation is a process of controlled penetration of the superstrong instrument tip into the flat sample surface under increasing loading to a depth of 100 nm, with the force P acting on the indenter and the depth of penetration of the indenter tip into the material, h, being measured continuously Levashov et al. (2011); Oliver and Pharr (1992) . Using P − h curve, the elasticity modulus, nanohardness and elastic recovery are determined for the material by the conventionally employed method of Oliver and Pharr (1992) . However, it is shown by Shugurov et al. (2008) that a correct definition of the characteristics by the latter method is only feasible provided for the coating and the substrate having similar characteristics. Evidently, in the most important practical implementations this condition is not fulfilled. One of the methods of attack to address this problem is computer simulation which enables one to get sufficiently correct solutions regarding indentation of coatings on substrates of different kinds.
Scratch test technique involves generating a controlled scratch with a sharp superstrong tip on a selected area Flores et al. (2008) . The tip is drawn across the coated surface under constant or progressive load. This allows quantifying friction and adhesive strength of the coating.
At present a lot of numerical studies of nanoindentation and scratching have been published. Depending on the method used for simulation they can be divided into two groups. The papers of the first group use the finite element method and consider behavior of the material at macroscale Dao et al. (2001) ; Bucaille et al. (2001) ; Makarov et al. (1998) . The second group of the papers uses molecular dynamics (particle method) to study micromechanisms of plastic deformation nucleation in the vicinity of the indenter tip at microscale Zimmerman et al. (2001) ; Saraev and Miller (2006) .
A numerical model based on particle method is proposed herein for description of the TiCCaPON coating on Ti substrate at meso-and macroscale. To make it possible we need a method that allows simulation of elastoplastic deformation and fracture of a solid at different scales. The best capabilities for modeling fracture, including crack growth and material fragmentation, belong to particle methods originated from molecular dynamics. Among the particle methods only the movable cellular automaton (MCA) method can describe plastic deformation correctly Psakhie et al. (2011 Psakhie et al. ( , 2013 . That is why it is chosen for this study.
Method of Movable Cellular Automata
MCA is a new efficient numerical method in particle mechanics that is different from methods in the traditional continuum mechanics. Within the frame of MCA, it is assumed that any material is composed by a certain amount of elementary objects (automata) which interact among each other and can move from one place to another, thereby simulating a real deformation process. The automaton motion is governed by the Newton-Euler equations:
where R i , θ i , m i andĴ i are the location vector, rotation vector, mass and moment of inertia of ith automaton respectively, F pair i j is the interaction force of the pair of ith and jth automata, F Ω i is the volume-dependent force acting on ith automaton and depending on the interaction of its neighbors with the remaining automata. In the latter equation,
here q i j is the distance from the center of ith automaton to the point of its interaction ("contact") with jth automaton, n i j = ( R j − R i )/r i j is the unit vector directed from the center of ith automaton to the jth one and r i j is the distance between automata centers, K rot i j is the torque caused by relative rotation of automata in the pair.
The forces acting on automata are calculated using deformation parameters, i.e. relative overlap, tangential displacement and rotation, and conventional elastic constants, i.e. shear and bulk moduli. A distinguishing feature of the MCA method is calculating of forces acting on the automata within the framework of multi-particle interaction Psakhie et al. (2011) , which provides for an isotropic behavior of the simulated medium regarded as a consolidated body rather than a granular medium. Moreover, stress tensor components can be calculated for the automaton taking into account all the forces acting on the automaton Psakhie et al. (2011) , which enables realization of various models of plasticity behavior developed in the frame of continuum mechanics.
A pair of elements might be considered as a virtual bistable cellular automaton, which permits simulation of fracture by the MCA. In this work a fracture criterion based on critical value of strain intensity was used. Switching of a pair of automata to an unbound state would result in a changeover in the forces acting on the elements; in particular, they would not resist moving away from one another.
Thus, the MCA makes feasible simulation of solid body behavior on different scales, including viscoelastic and ff ff plastic deformation, fragmentation and further interaction of fragments as a loose (granular) material.
Modeling results

Nanoindentation
An indentation process model was made up of two components, i.e. a studied material sample and an indenter. The Berkovich indenter is a three-sided pyramid having a regular triangle base. The pyramid faces make an angle of 65.3°with its axis. The tip rounding was taken into account by truncation of the pyramid tip; the side of the truncated pyramid face was equal to the radius of rounding, i.e. 50 nm.
The model sample had the shape of parallelepiped. This in turn consisted of a substrate, an intermediate layer and a coating. The overall sample had thickness of 700 nm; the coating had thickness of 350 to 450 nm with the substrate thickness varying correspondingly. The intermediate layer thickness was preset to be equal to 50 nm.
The approximation of elastic perfectly plastic body was used to describe mechanical behavior of the metallic substrate and bioactive TiCCaPON coating. The indenter material is taken to be absolutely rigid, i.e. nondeformable.
The simulated cellular automaton model is presented in Fig. 1a as fcc packing of spherical particles. The loading process was simulated by assigning one and the same velocity to all the indenter automata. In order to preclude dynamic effects, the velocity of the indenter automata decreased gradually from 0 to ff ff −1 m/ m s and then remained constant to the end of indenter penetration. After that the indenter velocity increased gradually to reach the value of +1 m/ m s and then kept on moving upwards at the same velocity. To prevent the loaded material from being displaced as a whole upon contact with the indenter, the automata of the lower substrate layer were set to remain in a fixed position.
Judging from the field of automata velocities (Fig. 1b) , the displacements occur locally in the material under indenter. Evidently, the displacements are directed vertically rather than in the lateral directions. Elastic stresses are also localized under indenter and propagate to depth of the material (Fig. 1c) . The above data are in good agreement with the results of analytical solution for the point action on elastic half-space. These also check well with the experimental evidence which suggests that the results of indentation of coating are largely determined by the properties of substrate. Fig. 1d shows stress fields at the maximal depth of penetration when the coating and substrate undergo plastic deformation. One can see that the maximal stresses are in the vicinity of indenter, however due to less yield limit of the substrate it also deforms plastically.
The main characteristic of sensing indentation process is a P − h curve, i.e. a dependency of the force on the depth of penetration. The P − h curves obtained for the indentation process on the base of simulation results and the experimental curves , dotted lines) obtained for the indentation of the TiCCaPON coating on nanostructured Ti are illustrated in Fig. 2 for different depth of penetration. A satisfactory qualitative and quantitative correlation is apparently observed.
Scratch test
The model for scratch test was similar to the model for indentation, but a cone shaped indenter was used here. The coating had thickness of 1.5 μm, the intermediate layer 0.5 μm and the substrate 2.5 μm. The loading was simulated by assigning one and the same velocity to all the indenter automata. First, vertical velocity equal to −1 m/s was applied to penetrate the indenter on the preset depth (thickness of the coating). Then vertical velocity was set to zero and horizontal velocity of −5 m/s was assigned to the indenter automata in order to scratch the coating.
In Fig. 3 one can see a general view of the model sample and a scratch on the coating after testing. The coating started to fail from free surface in the region of its contact with asperities at indenter caused by discreteness of its representation. Then failure region propagated to the edge of the indenter imprint. One can see from Fig. 3b that the scratch width is equal to the indenter imprint. At the same time the model coating does not detach from the substrate and the general behavior of the system checks well with the experimental evidence from Levashov et al. (2011) . In real scratch test a coefficient of friction (COF) is also measured. In modeling, we calculated the force acting on the indenter from the sample. The ratio of tangential and normal components of this force was considered as an instantaneous COF which varied in time.
Calculated plot of COF vs time (Fig. 3c ) was compared with experimental data Levashov et al. (2011) . Averaged magnitude of calculated COF (0.61) corresponds well with the experimental value when the coating started to fail (0.63), i.e. large cracks appeared in the coating but it did not detach from the substrate.
Impact test
To estimate fatigue behavior of a coating-substrate system the impact testing is used. This test assumes cyclic loading of a surface by a superstrong (WC-Co) ball with force magnitude of 100 − 1500 N and frequency of 50 Hz.
Varying the force applied and the number of cycles allows studying the quality of the coating to serve in long-term conditions.
The model for this test differs from the model for scratch test in shape of the indenter, height of the substrate and type of the loading. Radius of the spherical counter-body (indenter) was equal to 3.5 μm, and height of the substrate was equal to 15 μm. The loading was simulated by assigning vertical velocity to all the counter-body autoamta; the magnitude of this velocity varied sinusoidally with time; the maximum velocity was equal to 10 m/s. General view of the model is presented in Fig. 4a (a half of the model is shown divided by cross section). Fig. 4b presents first crack generated in the coating shown as a network of inter-automata bonds (a cross section of the model is presented, including a part of the counter-body). Final cracks in the coating after 100 cycles is shown in Fig. 4c . One can see detaching of the coating from the substrate. Top view of the coating presented in Fig. 4c (here lines connect broken bonds between automata) allows to conclude that cracks appear around the whole imprint of the counter-body.
It has to be noted, that dimension of the simulated counter-body differs significantly from the dimension of real impact testers (for example, CemeCon). It is due to necessity to use a huge number of automata for real size dimensions. However, computation results obtained herein qualitatively correspond to experimental evidence for nanustructured bioactive TiCCaPON coating on Ti-based substrate.
Conclusions
Using the MCA method, calculations were performed for contact loading of the model sample consisting of a hard elastoplastic coating on an elastoplastic substrate. Matching of the calculation results against the available experimental evidence suggests that the developed model can be used to describe with a sufficient accuracy the behavior of TiCCaPON coatings on Ti-based substrates under penetrating and scratching by a rigid indenter. 
